F unctional MRI is a noninvasive method used to localize critical cognitive functions. Accordingly, recent interest has grown toward understanding whether fMRI-in particular, the BOLD signal-can be used to aid presurgical planning of lesion resections involving eloquent cortex to minimize disruption of cognitive function and ensure maximal tumor tissue removal. The current gold-standard method of localization is electrical cortical mapping, which, while extremely precise and predictive of postoperative deficits, is also invasive and time consuming. 3, 5, 7, 18, 30, 33 Thus, it would be beneficial to derive fMRI-based measures that not only match the utility of electrical cortical mapping, but also help to minimize patient morbidity. Although fMRI-based mapping and electrical cortical mapping have shown varied con-Object. Functional MRI (fMRI) has the potential to be a useful presurgical planning tool to treat patients with primary brain tumor. In this study the authors retrospectively explored relationships between language-related postoperative outcomes in such patients and multiple factors, including measures estimated from task fMRI maps (proximity of lesion to functional activation area, or lesion-to-activation distance [LAD], and activation-based language lateralization, or lateralization index [LI]) used in the clinical setting for presurgical planning, as well as other factors such as patient age, patient sex, tumor grade, and tumor volume.
used to aid presurgical planning of lesion resections involving eloquent cortex to minimize disruption of cognitive function and ensure maximal tumor tissue removal. The current gold-standard method of localization is electrical cortical mapping, which, while extremely precise and predictive of postoperative deficits, is also invasive and time consuming. 3, 5, 7, 18, 30, 33 Thus, it would be beneficial to derive fMRI-based measures that not only match the utility of electrical cortical mapping, but also help to minimize patient morbidity. Although fMRI-based mapping and electrical cortical mapping have shown varied con-Association of functional magnetic resonance imaging indices with postoperative language outcomes in patients with primary brain tumors cordance 7 and individual differences in the topography of language-related eloquent cortex can be significant, 20 2 fMRI-based measures in the literature have shown particular promise in surgical planning: the lesion-to-activation distance (LAD) and the lateralization index (LI).
Numerous authors have shown the fMRI-derived LAD measure to be a potential estimator of postoperative functional outcomes, and this relationship has been further confirmed by electrocortical mapping-derived distance measures. 8, 9, 13, 37 Case reports and observational studies with small numbers of patients have suggested that functional motor deficits relate to a tumor's proximity to motor task-related cortical activation. 6, 37 A recent study of ours replicated these findings and demonstrated that language function is also influenced by tumor proximity but has a relationship different from that between LAD and motor function, in which deficits scale linearly with motor area LAD but nonlinearly with language area LAD. 35 Lateralization of function between the 2 hemispheres is another important parameter to consider for surgical planning. 38 Language dominance is often surgically assessed using the intracortical sodium amobarbital (Wada) test, which has a complication rate of up to 11%. 16 Consequently, much work has been done to determine language dominance using fMRI. Language-related activation has been suggested to shift in the presence of a slow-growing lesion that encroaches on a functional area and hypothetically causes recruitment of surrounding brain areas, or even the homologous contralateral areas, to compensate for functional loss. 22, 25 Language lateralization can be quantified by calculating the LI, which is the difference in the ratio of significantly activated voxels between the left and right hemispheres, determined while the individual is performing a task. 29 While LI seems to depend on numerous factors, such as the task used, 37 statistical thresholding, 24 and lesion type, some studies suggest that LI is a good predictor of surgical outcomes, 2 but see the study by Giussani et al. 7 Our aim in the present study was to investigate whether the individually thresholded fMRI maps provided for clinical preoperative planning had prognostic utility. Specifically, for patients with primary brain tumors, we evaluated whether measures of LAD and/or LI, retrospectively estimated from preoperative fMRI maps, related to postoperative language deficits. We did so by focusing on 2 major language areas of the human brain: the Broca area (Brodmann Areas 44 and 45) and the Wernicke area (Brodmann Area 22). We hypothesized that a shorter LAD and more bilaterally oriented LI would relate to increased postoperative deficits.
Methods

Patient Selection
Forty-nine cases were selected from a database of 423 neurosurgical patients who had undergone fMRI as part of presurgical planning between June 1999 and July 2009. Inclusion criteria selected patients who were righthanded (verbal self report) had a diagnosed left-sided primary neoplasm within the frontal, temporal, or parietal lobe, and had undergone lesion resection. Right-handed patients were chosen because the majority of righthanded persons (> 95%) have left hemisphere language dominance. 11, 29 Therefore, a critical assumption was that the LI in these patients was left lateralized prior to tumor development. Patients with left hemisphere tumors were chosen for the study to coincide with the languagedominant hemisphere. Patients with multiple lesion foci, as determined from presurgical structural imaging, and those who were younger than 18 years of age were excluded. Preoperative and postoperative neurological deficits were determined from patient medical records. Any record of preoperative or postoperative language deficits (all types of aphasia, including Broca, Wernicke, and conduction subtypes) was considered, but nonspecific speech difficulties were not. Postoperative deficits were grouped as either transient (lasting < 6 months) or persistent (lasting ≥ 6 months) loss of function. Tumor grade was categorized as either high, which included Grade III and IV tumors, or low, which included Grade I and II tumors, as determined from the surgical pathological report. Grading was based on the WHO system. All patients gave informed consent according to a protocol approved by the local institutional review board.
Language Paradigms
The language paradigms used to assess patients are described in detail elsewhere. 19 Task efficacy and reliability for producing language-related activation has been demonstrated. 4 In brief, activation of the Broca area was assessed with word-generation tasks. We used 2 types of word-generation tasks: 1) alternating 20-second blocks of antonym word generation versus rest, and 2) alternating 20-second blocks of letter word generation versus rest. The Wernicke area was identified with alternating 20-second blocks of text reading versus symbols reading. In this task, the patient silently read a short paragraph in the text reading block. During the control/symbols block, the patient was shown a paragraph of symbols and asked to scan and find specific symbols. The symbols block controlled for eye movements during reading, which presumably helps discriminate eye movement-related activation from the true language areas. 19 Multiple tasks were used to assess language production, because not all patients showed language-related activation with any one task. In this case, we selected the task that resulted in the largest amount of language-related activation for each patient.
Functional MRI Acquisition and Processing
Imaging was done with either a 1.5-or 3-T commercial MR scanner (GE Medical Systems) equipped with high-speed gradients. The BOLD-weighted single-shot EPIs were obtained repeatedly at intervals defined by the repetition time for each patient during task performance. Technical parameters were as follows: field of view 24 cm, matrix 64 × 64, TR 2000 msec, TE 40 msec (for 1.5 T) or 27 msec (for 3 T), fractional anisotropy 85° (for 1.5 T) or 75° (for 3 T), and 6-mm coronal plane sections (for 1.5 T) or 5-mm axial plane sections (for 3 T); spatial coverage was sufficient to provide mapping of the entire cortex. The number of images and the duration of imaging varied with the paradigm. Imaging duration ranged from 3 to 5 minutes. Additional high-resolution anatomical scans, including 3D volumetric T1-and T2-weighted sequences, were acquired as part of the preoperative assessment. All postprocessing was done using AFNI, freely available at http://afni.nimh.nih.gov/afni/.
Postprocessing in AFNI
Postprocessing of the EPI data sets included both spatial smoothing and temporal alignment. Spatial smoothing was applied to the EPI data sets using a full width at half maximum Gaussian kernel. Eight-millimeter smoothing was applied to the 1.5-T data sets that were acquired with a 6-mm section thickness and 1-mm skip. Six-millimeter smoothing was applied to the 3-T data set that was acquired with a 5-mm section thickness. Temporal alignment was done with AFNI 3dTshift function that shifts voxel time series from the input data set so that the separate slices are aligned to the same temporal origin. This helped account for differences in temporal acquisition at each slice location within the 2-second repetition time. The AFNI 3Dvolreg was used to correct for head motion in the reconstructed time courses. This was done by spatially coregistering all data to the middle time point of the fMRI run. The EPIs were coregistered with structural images. They were manually "nudged" for perceived optimal spatial coregistration with the corresponding 3D anatomy. The AFNI plug-in "nudge dataset" allowed visualization in 3 planes of the anatomy with an overlay showing the EPI volume. "Nudging" was applied in 6 planes to align the disparate EPI and anatomical data sets into a best fit. Once one of the EPI data sets was thus manually aligned, all other EPI data sets from the same scan session were automatically coregistered using AFNI 3dvolreg.
Activation was determined by cross-correlation of the time course of the EPI signal at each voxel with a generalized least squares fitting algorithm to a smoothed and temporally delayed boxcar reference function modeling the presumed hemodynamic response. This comparison provided a voxel-wise t-statistic with which images were thresholded individually to optimize visualization of language areas and overlaid on the coregistered anatomical brain volume maps. Thresholding was individually applied with the intent of optimizing localization of the activation foci. Cluster sizes were a minimum of 20 contiguous voxels (p ≤ 0.05) with a t-value ranging from 2.15 to 42 (mean 12.63). Clinicians would then view and use these thresholded maps for surgical planning as needed.
Parameter Measurements and Analysis
Tumor location and volume were assessed from the structural scans. Measurements were taken in the transverse (x), anterior/posterior (y), and superior/inferior (z) axes using PACS software. The tumor margin was set as the edge of signal for enhancing tumors and determined by architectural distortion on both the T1-and T2-weighted scans for nonenhancing tumors. Tumor volume was calculated using the equation commonly used by clinicians to estimate tumor volume: (x × y × z)(p)/6. The ex-tent of resection was derived from radiology records and categorized as partial (> 10% tumor remained), subtotal (< 10% tumor remained), or total (there was no tumor remaining after resection). Note that such information was not available for all patients and thus was analyzed for only a subset of patients (44 patients).
We focused on the Broca area (Brodmann Areas 44 and 45) and Wernicke area (Brodmann Area 22). The minimum distance from tumor edge to activation edge or activation center in the Broca area and Wernicke area was measured using PACS and took into account the distance in the 3 anatomical planes. Language-related activation areas in the left and right hemispheres were determined using the image slice showing the largest area of activation in the relevant anatomical area (Fig. 1 ). The diameter of the activation area in each hemisphere (that is, homologous locations relative to activation) was used to calculate an area of activation.
The LI was calculated using the equation (L -R)/(L + R), where L and R refer to the activation area in the left or right hemisphere in either the Broca or the Wernicke area. It is often determined by setting the activation threshold to a value and comparing the number of voxels in the left or right hemisphere. In the present study, for both LAD and LI, since we focused on drawing clinically relevant conclusions, we retrospectively chose to estimate these measures from individually thresholded maps, which had been provided for clinical use during individual patient assessments.
All statistical analyses were performed using R sta- tistical software (freely available at http://www.r-project. org/). All data were analyzed using the chi-square test of association, Fisher exact test, Kruskal-Wallis test, or 1-way ANOVA, as appropriate. In particular, the existence of a relationship between LAD and deficits (pre-or postoperative) or LI and deficits was determined using a 1-way ANOVA, with deficits as a factor and patients as a repeated measure. The existence of a relationship between LAD and LI was assessed using the Kruskal-Wallis test with LAD categorized as < 1, 1-2, and > 2 cm. Logistic regressionbased multivariate models were used to predict postoperative outcomes. These models tested the predictive value of different combinations of clinical and fMRI parameters. Overall model fit was determined using the Bayesian Information Criterion index, and individual parameter fits with each model were assessed based on the significance of the parameter's coefficients (p ≤ 0.05).
Results
All patients (71% male) were between the ages of 20 and 72 years (median age 43 years). The mean tumor volume was 37.0 ± 45.6 cm 3 , and 51% of the tumors were high grade on histological analysis (Table 1) . Roughly 40% of tumors were in the left frontal lobe, 40% in the left temporal lobe, and 12% in the left frontotemporal area. Significant Broca area activation-as determined by the minimum cluster size and a p < 0.05-was found in all 49 patients. Significant Wernicke area activation was found in all but 3 patients, that is, 46 patients. There was a trending association between preoperative and postoperative deficits (c 2 = 4.3, df = 2, 49 patients, p = 0.12); that is, if a patient presented with aphasia, then they were more likely to have aphasia postoperatively ( Table 2 ). Most patients with no deficits preoperatively had no deficits post-operatively (20 of 33 patients). Thirteen patients had new deficits postoperatively, 3 of whom experienced persistent deficits.
Age, Sex, and Lesion-Derived Parameters Versus Language Deficits
There was no relation between postoperative language deficits and patient age, patient sex, tumor grade, or tumor volume (p > 0.05; Table 3 ). An increased age related to increased preoperative deficits (Table 4 ). A high tumor grade showed a marginally significant relationship with the presence of preoperative deficits.
Broca Area LAD and LI Versus Postoperative Language Deficits
Postoperative aphasia was associated with the Broca area LAD (measured from the edge of the cluster of activation, p = 0.03; or measured from the center of the cluster of activation, p = 0.05; Table 3 ; Fig. 2) , where a shorter LAD was related to the presence of postoperative aphasia. The mean Broca area LAD for the group with postoperative deficits was 1.75 ± 1.41 cm, and for the group with no postoperative deficits was 2.68 ± 1.76 cm. However, stratification by tumor location showed that this effect was not specific to tumors in either frontal [Broca area LAD measured from the center of the cluster of activation; F (1, 16) = 0.17, p = 0.84] or posterior [left temporal and parietal tumors grouped together, measured from the center of the cluster of activation; F(1,22) = 2.56, p = 0.12] brain areas but instead was an overall effect of left hemisphere tumors. Additionally, more bilateral Broca area activationthat is, Broca area LI values close to 0-was associated with increased postoperative deficits and trended toward significance (p = 0.08; Table 3 ). However, stratification by tumor location indicated that this relationship was stronger when the tumor was present in posterior brain areas [F(1,22) = 7.80, p = 0.01] but not in frontal brain areas [F(1,16) = 0.35, p = 0.56]. The mean Broca area LI for the group with postoperative deficits was 0.28 ± 0.50 and for the group with no postoperative deficits was 0.72 ± 0.25 ( Fig. 3 upper) .
Post hoc analyses in a subset of patients addressed whether there was a relationship between LAD and extent of resection (partial, subtotal, or total). There was no relationship between extent of resection and Broca area LAD [F(2,42) = 0.63, p = 0.54].
Wernicke Area LAD and LI Versus Postoperative Language Deficits
While the Wernicke area LAD was not related to postoperative deficits in tumors across all brain areas, it did show a regionally specific effect trending toward significance in patients with posterior brain tumors [F(1,22) = 3.37, p = 0.08]. The mean Wernicke area LAD for the group with postoperative deficits was 1.39 ± 1.18 cm and for the group with no postoperative deficits was 2.96 ± 2.36 cm (Fig. 3 lower) . Again, a shorter LAD was related to increased postoperative deficits. Moreover, in a subset of patients, we examined whether there was a relationship between LAD and extent of resection (partial, subtotal, or total). There was no relationship between extent of resection and Wernicke area LAD [F(2,38) = 0.37, p = 0.62].
There was no relationship between Wernicke area LI and postoperative deficits across all patients, nor within groups of patients with either posterior or frontal brain tumors.
Preoperative Language Deficits
Of note, a shorter Wernicke area LAD related to the presence of preoperative language deficits (p = 0.02). The mean Wernicke area LAD for the group with preoperative deficits was 1.90 ± 1.39 cm, and for the group with no preoperative deficits was 3.36 ± 2.15 cm (Table 4 ). An older patient age was related to the presence of preoperative defi- cits (p = 0.04). The mean age for the group with preoperative deficits was 49.94 ± 16.92 years and for the group with no preoperative deficits was 41.03 ± 12.18 years.
Lateralization Index Versus Other Parameters
We assessed the relationship between LI and other patient and tumor parameters that related to preoperative and postoperative language deficits (Table 5 ). There was a significant association between Wernicke area LI and tumor volume, where larger tumors were associated with more bilateral activation (p = 0.004). In addition, there was an association between Broca area LAD and Broca area LI as well as Wernicke area LAD and Wernicke area LI such that more bilaterally distributed activation was related to a closer distance between the tumor and the area of activation (Fig. 4) . Furthermore, the Broca LAD correlated with the Broca LI [r(47) = 0.42, p = 0.002], but Wernicke LAD did not correlate with Wernicke LI [r(44) = 0.18, p = 0.22]. Stratification by tumor location showed that across posterior brain tumors, a shorter Wernicke area LAD was related to a more bilateral Broca area LI (marginally significant effect, H = 4.73, df = 2, p = 0.09), where Wernicke LAD < 2 cm showed a mean Broca area LI of 0.34 ± 0.56 (LAD 0-1 cm) or 0.41 ± 0.32 (LAD 1-2 cm), but Wernicke area LAD > 2 cm showed a Broca area LI of 0.82 ± 0.25. No such crossover effects were observed in frontal brain areas.
Note that further analysis incorporating multiple parameters into different logistic regression models predicting postoperative deficits did not yield better descriptions of these data. This may be attributable to power limitations based on the number of patients in the study.
Discussion
In the present study we examined whether 2 fMRIbased measures (LAD and LI) related to postoperative language deficits in a cohort of patients with primary brain tumors. Patients were right-handed and had left hemisphere tumors in frontal, parietal, or temporal lobes. Prior to surgery, all patients underwent fMRI and performed a number of language tasks. Our results showed that the proximity of the tumor to the Broca area is related to postoperative deficits, where shorter distances are related to the presence of postoperative aphasia. This is true of tumors located across lobes within the left hemisphere. A similar relationship between LAD and language deficits in patients with temporal lobe tumor was shown by Håberg et al., 8 where an LAD > 1 cm predicted better patient outcomes. Similar results have also been shown for motor deficits; 13, 35, 37 however, motor and language areas may respond to lesion encroachment differently. 35 Furthermore, tumor invasion of eloquent cortex (that is, a shorter LAD) predicts poor patient survival in the case of recurrent glioblastoma multiforme. 21 Stratification by tumor location (frontal or posterior regions) revealed no relationship between Broca area LAD and postoperative aphasia in either frontal or posterior tumor location subsets. However, in the posterior tumor subset, Wernicke area LAD was related to the presence of postoperative deficits, where a shorter LAD was related to the presence of aphasia. Moreover, in the pos- F(1,47) = 0.03; p = 0.87 patient age H = 1.48, 1 df, p = 0.22 H = 1.67, 1 df, p = 0.20 tumor grade F(1,47) = 0.20; p = 0.66 F(1,47) = 0.10; p = 0.75 tumor vol H = 2.18, 1 df, p = 0.14 H = 8.26, 1 df, p = 0.004 † Broca LAD (from center of activation) H = 7.44, 2 df, p = 0.02 † H = 2.64, 2 df, p = 0.26 Wernicke LAD (from center of activation) H = 1.52, 2 df, p = 0.47 H = 7.53, 2 df, p = 0.02 † * Comparisons between LI and sex or tumor grade were done using 1-way ANOVA. Comparisons between LI and age, tumor volume, and LAD were done by grouping the independent variables. Median split was performed on age and tumor volume. The LAD was grouped into 3 categories: LAD < 1 cm, 1-2 cm, and > 2 cm. Chi-square tests of association, Kruskal-Wallis test, and 1-way ANOVA were used. † Significant (p ≤ 0.05).
terior tumor subset, a more bilateral Broca area LI was related to the presence of deficits. These results speak to the question of whether plasticity resulting from the presence of a lesion in the language-dominant hemisphere, which seems to lead to more bilateral functional activation, is protective or not against postoperative language deficits. In healthy humans, bilateral activation confers protection against disruption of language function by repetitive transcranial magnetic stimulation to either the left or right hemispheres. 12 Furthermore, patients with left-sided tumors show more bilateral activation compared with healthy controls, 32 and the degree of lateralization is related to how well language is disrupted by repetitive transcranial magnetic stimulation in these patients. Lateralization may be a protective step taken in the process of tumor-related reorganization, as evidenced by the fact that slow-growing lesions show more lateralization than fast-growing lesions. 31 In stroke patients, who may show bilateral activation with left-sided stroke, Saur and Hartwigsen 27 asserted that it remains unclear whether strong right hemisphere activation early after stroke represents functionally relevant activation compensating for the lesioned left hemisphere areas. The authors suggested that this may alternatively be the result of disinhibition, which would be consistent with the assumption that left hemisphere areas inhibit their homotopic right hemisphere counterparts in the healthy brain. We also found that the Wernicke area LAD and Broca area LI were related such that a shorter Wernicke LAD was related to more bilateral Broca LI across posterior tumors. This finding suggests a possible interaction effect between LAD and LI so that as the tumor encroaches on eloquent cortex in posterior areas, it may disrupt the language network as a whole (indicated by more bilateral Broca area activation). In such cases, postoperative language deficits may be more likely. Assessment of whether LAD and LI interact to causally result in functional deficits must be explored in a larger sample with more robust methods for determining LI. Preliminary analysis in this cohort showed a relationship between LAD and LI for either the Broca area or the Wernicke area, where a decreased LAD was related to a more bilateral LI.
We also found that old age, high tumor grade, and increased Wernicke area LAD were related to the existence of preoperative deficits. The effects of tumor grade are probably a result of more aggressive tissue infiltration by high-grade tumors as compared with benign tumors.
The difference in effects between Broca and Wernicke area parameters may be attributable to differences in functional topography. The Broca area shows less anatomical variation across individuals compared with the Wernicke area. 26 The predictive value of structural measures using diffusion tensor imaging 14, 17, 36 or diffusion weighted imaging 1,10 in combination with fMRI measures may better predict functional language outcomes following surgery by additionally accounting for differences in connectivity between the areas. For example, using the same patient database that we used in the present study, Lazar et al. 15 reported that after tumor and arteriovenous malformation resection, improvement in the appearance of white matter tracts correlated with improvement in motor function.
The current study has a number of limitations. Language-related activation was statistically thresholded on an individual basis instead of at one value across the group. This was done to optimize visualization of individual activation maps, since the original intent of imaging was to provide patient-specific information for preoperative planning. Additionally, some threshold-independent methods require consideration of the whole hemisphere, which does not allow spatially specific determination of functional cortex within a hemisphere. 24 Changes in a set group threshold may change LI values for certain tasks, because changes in the t-value would mainly influence the area of activation. In the present study, LAD was measured from the center of the activation cluster, which is less sensitive to thresholding, as well as from the activa- tion edge. Both measures yielded similar results. Moreover, 2 scanners of different strengths (1.5 T vs 3 T) were used to collect the data and may have introduced some inconsistencies in the data that were not specifically accounted for in the analyses. Additionally, to what degree clinicians used the imaging data provided to them was not specifically considered. However, in a controlled clinical study, Petrella et al. 23 used individually thresholded maps and showed that when clinicians used fMRI data, their surgical treatment plans were more aggressive and less time consuming. In the current study, however, post hoc analyses in a subset of patients showed no relationship between LAD and extent of resection for either Broca area or Wernicke area LADs. Additionally, the extent of resection did not relate to postoperative deficits, preoperative deficits, or tumor grade individually, although we cannot rule out a more complex interaction effect between resection extent and LAD, LI, tumor volume, and tumor grade. There are also limitations associated with neurovascular uncoupling that would affect BOLD measures in such a patient population. Neurovascular uncoupling can mimic activation normally indicative of functional reorganization. 28, 34 For this study, a small percent of patients underwent scanning during breath holding to assess the degree of neurovascular uncoupling present. Unfortunately, not all patients underwent this type of imaging. Finally, having access to a detailed account of the time course and severity of postoperative deficits would have been beneficial in determining the sensitivity of LAD and LI in predicting language-related deficits. Future studies must address these important limitations to further validate the utility of LAD and LI.
Conclusions
In this study we begin to address whether individually thresholded fMRI maps provided for clinical use have prognostic utility. We showed evidence that 2 such estimated measures from clinical fMRI maps, the LAD between tumor and language area as well as that language area's LI, relate to postoperative functional language outcomes in patients with an isolated primary brain tumor. While further validation of their true predictive value is needed, our results indicate that these measures may help inform clinicians about surgical outcomes and thus aid presurgical planning and reduce patient morbidity. 
